OBJECTIVE
To describe the radiographic outcome of root canal treatment (RCT) of canine teeth of cats.
DESIGN
Retrospective case series. ANIMALS 32 cats with 37 canine teeth with complicated crown fractures that underwent RCT.
PROCEDURES
Medical record databases of 5 referral veterinary hospitals were searched to identify cats that underwent RCT between 1998 and 2016. Only cats that had at least 1 follow-up examination during which radiographs were obtained of the treated canine tooth or teeth were included in the study. Dental radiographs obtained before and immediately after RCT and during all follow-up examinations were reviewed. Treatment was considered successful if the periodontal ligament space was within reference limits and preoperative external inflammatory root resorption (EIRR), if present, had stabilized. Treatment was considered to have no evidence of failure if preoperative EIRR had stabilized and preexisting periapical lucency was stable or decreased in size but had not resolved. Treatment was considered to have failed if periapical lucency or EIRR developed subsequent to RCT or preexisting periapical lucency increased in size or preoperative EIRR progressed following RCT.
RESULTS
Follow-up time after RCT ranged from 3 to 72 months. The RCT was successful for 18 (49%) of the 37 treated teeth, had no evidence of failure for 12 (32%), and failed for 7 (19%). Preexisting EIRR and patient age ≥ 5 years significantly increased the rate of RCT failure.
CONCLUSIONS AND CLINICAL RELEVANCE
Results indicated that RCT was a viable treatment option to salvage endodontically diseased canine teeth in cats. (J Am Vet Med Assoc 2018;252:572-580) because the anatomic structure of the canine teeth, in which the pulp cavity is very close to the tip of the crown, is such that most crown fractures expose the pulp. If left untreated, pulpitis will develop as a consequence of pulp exposure and allow bacteria to travel through the pulp to the periapical tissue, resulting in infection and inflammation of the periapical tissue and development of apical periodontitis. 8 Apical periodontitis is a pathological change of the periapical tissue that frequently develops as a consequence of irreversible pulpitis. In the presence of direct pulp exposure, nonspecific and specific inflammatory mediators, such as kinins, cytokines, complement fragments, and antigens, invade the pulp and eventually the periapical tissue. Apical periodontitis is classified into different stages. Initially, the first extension of pulp pathology into the periapical tissue is an egress of inflammatory mediators, such as bacterial toxins. This early process may not necessarily be associated with PL, which typically develops later in the process. 8 The goal of RCT is to salvage the tooth and eliminate pulpal and periapical infection and inflamma-
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Confidence interval EIRR External inflammatory root resorption IRR Incidence rate ratio NEF No evidence of failure PDL Periodontal ligament PL Periapical lucency RCT Root canal treatment tion. Root canal treatment entails removal of the pulp tissue followed by cleaning, disinfection, shaping, preparing, and solid obturation of the pulp cavity with biologically inert materials. [9] [10] [11] Although the teeth of cats are substantially smaller than the teeth of dogs, they have similar morphology. In cats, RCT can be challenging owing to the small size of the teeth; therefore, the procedure is most commonly limited to the canine teeth because they are of adequate size and the most amenable to endodontic treatment. Root canal treatment has been described and is an accepted treatment modality in cats. 1, 5, 7, 9, 12 However, the success rate of RCT in cats has not been reported to date, and our understanding of RCT success rates stem from human 2 and dog 12 studies. Thus, the purpose of the study reported here was to describe the outcome of RCT of canine teeth in cats.
Materials and Methods
Case selection criteria
The medical record databases of 2 veterinary teaching hospitals (University of California-Davis William R. Pritchard Veterinary Medical Teaching Hospital and Cornell University Hospital for Animals) and 3 private dental specialty practices (Aggie Animal Dental Center in Mill Valley, Calif; Animal Dental Clinic in San Carlos, Calif; and Anident Veterinary Clinic in Veikkola, Finland) were searched to identify cats that underwent RCT of at least 1 canine tooth between 1998 and 2016. Only cats that had at least 1 recheck appointment following RCT during which they were anesthetized and had radiographs obtained of the treated tooth or teeth were included in the study. Also, all teeth assessed in the study had to be free of severe periodontal disease or evidence of resorptive lesions.
Medical records review
For each cat included in the study, information extracted from the medical record included signalment, affected teeth, and reason for RCT. All dental radiographic images obtained before and immediately after RCT and during all follow-up examinations were reviewed.
RCT procedure
All RCTs were performed by diplomates of the American Veterinary Dental College or veterinary trainees under their supervision in accordance with the quality guidelines for endodontic treatment established by the European Society of Endodontology 13, 14 and modified to accommodate the anatomy of the canine teeth of cats. 9, 15 Radiographic images of the affected teeth were obtained by use of the bisecting angle technique 16 prior to and immediately after RCT. Digital (indirect) and conventional analog dental plate and film sizes of 0, 2, and 4 were used. All treated teeth were ultrasonically or sonically scaled prior to RCT. A straight-line occlusal surface access preparation was performed in all cats, with the exception of 1, which required additional mesial access to the pulp cavity. Prior to pulp cavity obturation, the root canal was cleaned, disinfected, and shaped with handheld endodontic files and rotary instruments. Sodium hypochlorite (2.5% to 8.25%) irrigation solution was used as a disinfectant and for chemomechanical preparation of the canal, and file lubrication was achieved by use of uniquely formulated glycol, peroxide, and EDTA chelating gels. 17 For cats in which RCT was staged, a calcium hydroxide dressing and temporary filling were placed on the affected tooth until definitive obturation could be performed. Final obturation was completed with crystalline forms of gutta-percha a and resin-based endodontic sealers. b Methods of obturation used were single-cone thermoplastic gutta-percha, c vertical compaction with thermoplastic gutta-percha, d-f singlecone gutta-percha with flowable gutta-percha, g,h and single-cone gutta-percha with a root canal sealer. i Pulp access sites were restored with a glass ionomer intermediate layer and composite resin final restorative or with a composite resin restorative. j
Follow-up evaluations
During each follow-up examination, each cat was anesthetized and radiographic images of the treated tooth or teeth were obtained by use of the bisecting angle technique. 16 Digital (indirect) and conventional analog dental plate and film sizes of 0, 2, and 4 were used. Standard protocol was to request follow-up examinations at 3 and 12 months after the RCT and annually thereafter. For statistical analyses, follow-up periods were grouped as follows: < 3 months, 4 to 12 months, 13 to 24 months, and ≥ 25 months.
Outcome evaluation
All dental analog and digital radiographic images were individually evaluated by 3 observers (PCS, BA, and FJMV). Digital images were viewed on a medical-grade computer screen, k and conventional analog dental radiographs were evaluated on an x-ray viewing box with a calibrated magnifying loupe. l To assess the quality of obturation, each pulp cavity was divided into thirds (coronal, middle, and apical). Within each third, voids were considered small if they were narrower than half the width of the obturated pulp cavity and shorter than the width of the obturated pulp cavity; all other voids were considered large. Overfill was recorded if there was radiopaque material in the periapical region. The largest diameter of any periapical lesion was measured, and comparable radiographic images obtained at each follow-up visit were examined. Widening of the PDL space was recorded if the space was greater than twice the width of the PDL space in other areas surrounding the root.
Root canal treatment outcome was classified as successful, NEF, or failure in accordance with guidelines for radiographic assessment of RCT established by the European Society of Endodontology. 13 Treatment was considered successful if the periapical PDL space was within reference limits and preoperative EIRR, if present, had stabilized. Treatment was Small Animals considered to have NEF if preoperative EIRR had stabilized and preexisting PL remained the same or decreased in size but had not completely resolved. Treatment was considered to have failed if PL or EIRR developed subsequent to endodontic treatment or preexisting PL had increased in size or preoperative EIRR appeared to have progressed after RCT.
Statistical analysis
The outcome at the most recent (ie, last) followup examination was recorded for each cat. Dependent variables assessed included age, sex, preoperative pulp vitality, evidence of preoperative EIRR, evidence of a preoperative PL, method of obturation, quality of obturation (ie, voids), and evidence of extrusion of the sealant material periapically (ie, overfill). Patient weight was not considered an applicable dependent variable for RCT outcome in cats.
The Shapiro-Wilk test was used to evaluate the data distributions of all dependent variables for normality. The distributions for age, follow-up time, and time from pulp exposure to RCT were not normally distributed; therefore, results for those variables were reported as the median (range). Each factor was initially analyzed with a univariate Cox proportional hazards regression model with robust variance estimation to account for clustering of teeth within individual cats. A multivariable model was then created, which included only factors that had values of P < 0.05 on univariate analysis. Incidence rate ratios and the accompanying 95% CIs were used to quantify the results. Time to evaluation after RCT and success probability were assessed and compared among levels of potential predictive factors by use of the Kaplan-Meier method of time-to-event function estimation. All statistical analyses were performed with commercially available software, m and values of P < 0.05 were considered significant.
Results
Cats
Fifty-six cats had RCT performed at the 5 participating hospitals during the period of 1998 to 2016; however, only 32 cats had post-RCT radiographic images available for review and were included in the study. The study population consisted of 21 castrated males, 9 spayed females, and 2 sexually intact females and had a median age of 5 years (range, 1 to 13 years; age was not recorded for 2 of the cats).
RCT outcome
Among the 32 cats, RCT was performed on 37 canine teeth, of which 33 (89%) were maxillary canine teeth and 4 (11%) were mandibular canine teeth. A complicated crown fracture was the sole reason for RCT in all cats. The median follow-up period was 14 months (range, 3 to 72 months).
The RCT outcome was classified as successful for 18 (49%) teeth (Figure 1) , NEF for 12 (32%) teeth (Figure 2) , and failure for 7 (19%) teeth (Figure 3) . The 
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RCT outcome was not significantly associated with the time to follow-up examination (Figure 4) . Fifteen teeth had preexisting PL prior to RCT, of which RCT was classified successful for 5, NEF for 6, and failure for 4. Of the 6 teeth with preexisting PL and an NEF outcome, the PL was considered static for 2 and had decreased in size but not completely resolved for the remaining 4 at the time of the final follow-up examination (the time since RCT at the last follow-up examination was 6, 11, 11, and 18 months for those 4 teeth). Prior to RCT, 7 of the 37 (19%) teeth had evidence of EIRR associated with preoperative pulpal necrosis, and the treatment outcome was classified as successful, NEF, or failure for 1, 3, and 3 of those teeth, respectively. Five of those 7 teeth were vital at the time of the RCT; the status of the pulp was not recorded for the remaining 2 teeth. For each of 2 cats (2 teeth), the RCT was performed in 2 stages owing to uncontrolled intracanal hemorrhage; treatment outcome was classified as successful for both of those teeth. In 2 other cats (2 teeth), the treated tooth refractured, but the fracture did not require extraction of the affected tooth, and the RCT outcome was classified as NEF for both teeth.
The RCT was performed with single access to the pulp cavity for all but 1 tooth, which required both occlusal and mesial supragingival access sites to the pulp cavity. The obturation methods used included single-cone thermoplastic gutta-percha (n = 4), vertical compaction with thermoplastic gutta-percha (7), single-cone gutta-percha with flowable gutta-percha (21) , and single-cone gutta-percha with a root canal sealer (5) . Overfill was observed for 10 of the 37 teeth and occurred nearly twice as frequently when obturation was performed with vertical compaction with thermoplastic gutta-percha (3/7), compared with all other techniques (7/30). Overfill was not significantly (P = 0.25) associated with an increased rate of RCT failure (IRR, 2.59; 95% CI, 0.52 to 12.9).
Obturation voids were identified in the pulp cavity for 20 of the 37 treated teeth. Four teeth had both large and small voids, 7 teeth had a small void in 2 portions of the pulp cavity, and 1 tooth had a large void in 2 portions of the pulp cavity. The voids were observed in the apical third of the pulp cavity in 13 teeth (9 with small voids and 4 with large voids), middle third of the pulp cavity in 11 teeth (8 with small voids and 3 with large voids), and the coronal third of the pulp cavity in 8 teeth (5 with small voids and 3 with large voids). Obturation voids in the apical third of the pulp cavity were associated with a 5-fold increase (IRR, 5.01; 95% CI, 0.88 to 28.42) in the rate of RCT failure; however, that relative rate was not significant (P = 0.069).
Teeth with evidence of periapical EIRR prior to RCT had a 10-fold increase (IRR, 10.5; 95% CI, 1.66 to 66.29; P = 0.012) in the rate of additional postoperative periapical EIRR and therefore treatment failure ( Figure 5 ). Age was also significantly (P = 0.029) associated with an increased rate of continued EIRR (IRR, 1.26; 95% CI, 1.02 to 1.55). Evidence of postoperative EIRR was identified in 6 cats, and the age of those cats was 5 (n = 2 cats), 10 (1), and 12 (1) years (the age was not reported for the remaining 2 cats). Sex was not significantly (P = 0.41) associated with rate of RCT failure (IRR, 1.95; 95% CI, 0.4 to 9.63).
Thirty teeth were lost to follow-up over a period of 72 months after RCT, and the treatment success rate steadily decreased beyond 2 years after the pro- The study population consisted of 37 canine teeth from 32 cats. The time since RCT at the last follow-up examination was categorized into 4 categories (< 3, 4 to 12, 13 to 24, and > 25 months). Root canal treatment was considered successful if the PDL space was within reference limits and EIRR, if present prior to the procedure, had stabilized. Treatment was considered to have NEF if preoperative EIRR had stabilized and preexisting PL was stable or decreased in size but had not resolved. Treatment was considered to have failed if PL or EIRR developed subsequent to RCT or preexisting PL increased in size or preoperative EIRR progressed following RCT.
Figure 5-Kaplan-Meier product limit estimator plot for 37 canine teeth from 32 cats that did (solid line; n = 7) or did not (dashed line; 30) have EIRR present before RCT and did not develop EIRR after the procedure. Notice that teeth with EIRR prior to RCT were more likely to develop EIRR after the procedure than were teeth without EIRR prior to RCT. Small Animals cedure ( Figure 6 ) as a result of continued root resorption (n = 3) and failure of apical periodontitis to resolve (2) .
Discussion
In the present study, the medical records, radiographic images, treatment outcome, and factors associated with outcome were reviewed for 37 canine teeth of 32 cats that underwent RCT subsequent to a complicated crown fracture. Root canal treatment was successful (n = 18) or considered to have NEF (12) for the majority (30/37 [81%]) of teeth. Preexisting EIRR and age were associated with a significant increase in the rate of postoperative EIRR and RCT failure. Failure to properly clean or obturate the canal resulting in an obturation void in the apical third of the pulp cavity was also associated with an increase in the rate of RCT failure, although that association was not significant. Overfill was more frequently observed in teeth that were obturated with vertical compaction with thermoplastic gutta-percha, compared with all other obturation techniques, but neither obturation method nor overfill was associated with an increase in the rate of RCT failure. The RCT success rate steadily decreased beyond 2 years after the procedure owing primarily to continued root resorption (n = 3) and failure of apical periodontitis to resolve (2) . Overall, results of the present study indicated that RCT is a suitable treatment for endodontically compromised canine teeth in cats.
In dogs and humans, the success and prognosis of RCT are dependent on several variables such as obturation method used, bacterial infiltrates associated with faulty coronal restoration, 18 extrusion of the filling material, [19] [20] [21] [22] [23] [24] [25] presence of preexisting apical periodontitis, 19, 26, 27 presence of microorganisms in the pulp at the time of obturation, 28 and improper obturation of the pulp cavity. 29, 30 Similar to results of studies involving dogs 12 and humans, 27 results of the present study indicated that preexisting EIRR was associated with a 10-fold increase in the rate of RCT failure for canine teeth of cats. However, unlike in dogs 12 and humans, 19 preexisting apical periodontitis and extrusion of filling material were not associated with RCT outcome for the cats of the present study. Differences among species in regard to factors associated with RCT outcome are likely the result of the exactitude of the radiographic assessment or the technical accuracy or quality of the radiographic images. The small sample size of the present study also likely contributed to the differences observed.
The success rate of RCT ranges from 69% to 95% in dogs 12, 31 and humans. 19, 22, 23, 26, 27, 29, 30, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] In a study 31 involving dogs, RCT resulted in a favorable outcome (ie, lesions absent or reduced) for 57 of 72 (79%) teeth when it was determined by evaluation of periapical radiographic images, which was similar to the results for the cats of the present study (ie, RCT outcome was classified as successful or having NEF in 30 of 37 [81%] teeth). However, when RCT outcome for the dogs of that study 31 was determined on the basis of evaluation of cone-beam CT images, the success rate dropped to 35% (25/72). Although further research is necessary, CT may be a valuable diagnostic imaging modality to assess endodontic disease in cats.
For the cats evaluated in the present study, age at the time of RCT was significantly associated with an increase in the rate of treatment failure. Age is not significantly associated with RCT outcome in dogs 12 but is associated with RCT outcome in humans. 18, 27, 30, 42 Although the sample size of the present study was too small to identify a specific age cutoff above which the rate of RCT failure increased, it is interesting to note that all 5 cats with RCT failure for which age was reported were ≥ 5 years old. The reason for the apparent negative association between age and RCT success in cats is unclear. Fractured teeth are often ignored in cats; therefore, the older cats of the present study may have had inflammation for a longer duration prior to RCT than younger cats, which led to chronic tissue changes and increased rate of EIRR. In human patients, the physiologic effects of aging slow and impair the effectiveness of the healing process, 43 and the same phenomenon may occur in cats. Moreover, tooth trauma in humans can lead to the deposition of calcified hard tissue within the pulp cavity and obliterate the pulp canal. 44 A similar effect is observed in cats with EIRR, which also practically obliterates the pulp canal. This may pose a challenge for optimal root canal preparation and have a negative effect on healing outcome. 44 The estimated duration between the crown fracture and RCT was unknown for most of the cats of the present study, so we cannot draw any definitive conclusions as to the effect of fracture chronicity on RCT success.
In the present study, obturation voids in the apical third of the pulp cavity were associated with a 5-fold increase in the rate of RCT failure; however, Small Animals that association was not significant, which we believe was a result of low power owing to the small sample size. Filling defects or an incomplete apical seal relative to the radiographic apical delta may represent poor instrumentation, incomplete debridement, or insufficient obturation. In a study 45 involving human patients, poor obturation and instrumentation were significantly associated with RCT failure.
Although multiple studies [46] [47] [48] involving human subjects have compared various sealers and the sealing ability of various obturation methods, a consensus has yet to be reached on which material or method is superior. Similarly, results of the present study failed to identify a superior obturation method or sealer. The fact that overfill was observed in a greater proportion of teeth that underwent the vertical compaction with thermoplastic gutta-percha technique, compared with all other techniques combined, may have been caused by the small sample size and operator error or might be related to the technique itself, which requires that pressure be placed on the obturation material to compact it toward the apex of the canal.
The overall success rate (30/37 [81%], which included teeth classified as successful and NEF) of RCT for the cats of the present study was comparable to that reported in studies involving dogs 12 and humans. 45 Other studies 32, 33, 49 involving humans had higher RCT success rates, but treatment success was fairly loosely defined in those studies, and comparisons with and among those studies is difficult. A stringent definition similar to that described in a study 12 of RCT in dogs was used to determine RCT success in the present study, which may have contributed to the lower success rate for this study, compared with that reported in those other studies. 32, 33, 49 Had the monitoring period been longer for the teeth evaluated in the present study, the true RCT success rate might have been higher because 9 of the 12 teeth that were considered to have NEF had either no evidence of or diminished PL at the last follow-up examination.
Long-term radiographic follow-up after RCT is essential to evaluate the underlying disease process, and RCT outcome can only be determined on the basis of results of radiographic and clinical examination. 13 Clinical and radiographic follow-up at regular intervals for a minimum observation period of 1 year, and possibly for as long as 4 years, are recommended before RCT can be judged a success, 13 because the healing process is not always rapid and radiographic evidence of disease resolution is not always present at initial follow-up examinations. In the present study, the probability of RCT success dropped steadily for teeth evaluated > 2 years after treatment. The 21 teeth that were lost to follow-up during the 2 years after RCT were considered a key reason for that steady decrease in RCT success rate, as evidenced by the marked increase in the width of the 95% CI for RCT success 2 years after the procedure, but it also indicated the importance of long-term follow-up in cats.
Two of the 37 teeth evaluated in the present study were refractured following RCT, but neither tooth had evidence of RCT failure at the last follow-up examination. Unlike dogs, in which chewing behavior contributes to dental fractures, canine tooth fractures in cats are commonly associated with trauma 50 related to animal interaction and aggression or secondary to an accident or impact during landing after jumping from a height. 51 Limitations of the present study were primarily associated with the use of dental radiographs to determine treatment success because they provide only a 2-D image of the 3-D structures of the jaw. Moreover, although 56 cats underwent RCT of a canine tooth at the 5 referral hospitals during the study period, only 32 cats (37 treated teeth) returned for a follow-up examination, which highlights an inherent limitation for any retrospective cohort study. A high loss-to-follow-up rate jeopardizes the precision of survival probability estimates 52 and was presumably the reason that the factors associated with RCT success for the cats of the present study differed from those reported for the dogs and humans of other studies. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Also, the available information for the treated teeth of this study was insufficient to evaluate the effect that the duration between tooth fracture and RCT had on treatment outcome, and this effect requires further investigation.
Results of the present study were comparable to findings of similar studies involving dogs 12 and humans 45 and indicated that RCT is a viable option for salvaging endodontically diseased canine teeth in cats. The presence of EIRR and patient age ≥ 5 years old at the time of RCT were negative prognostic indicators for treatment outcome. Long-term (> 2 years) radiographic follow-up is important for cats following RCT because treatment failure > 2 years after the procedure was observed with some frequency for the teeth evaluated in this study. 
